Dissimilar metal welds are necessary in high-pressure subsea systems and in cases where forged components must be welded to pipelines. F22 (2.25Cr-1Mo) steel is often used in such forged steel components and, since this steel cannot enter service without undergoing post-weld heat treatment (PWHT), the components are usually prepared for field welds through the application of a buttering layer. Furthermore, a weld overlay is deposited for the purpose of mitigating corrosion. This combination of multiple welding tasks and dissimilar materials leads to the possibility of developing substantial residual stresses. This study aims to provide insights to the evolution of residual stresses at each stage of the welding operation. The assessment has been undertaken on laboratory-scale weld mock-ups using the contour method for residual stress measurement, and incremental centre hole drilling. It was found that both buttering and cladding introduce near-yield levels of tensile residual stresses, but that these stresses are successfully relieved upon PWHT.
Introduction and background
Dissimilar metal welds (DMWs) are used in the construction of many components in the oil and gas industry, including in highpressure subsea systems. For example, F22 steel forgings are widely used in the manufacturing of pressure retaining valves that need to be welded to steel pipelines (typically API X65 steel). As F22 components are sensitive to hydrogen cracking, post-weld heat treatment (PWHT) is essential in order to relieve the residual stresses and to temper the brittle microstructures that form in the heat affected zone (HAZ) of welds. However, PWHT becomes impractical after components have been joined to pipework and it would also, in general, result in degradation of the material properties of the steel pipeline. A buttering technique, involving the deposition of several layers of low-alloy steel, is therefore usually used so that the buttered F22 steel can be heat treated before the closure weld (i.e. to adjoining pipework) is carried out.
The residual stresses that are introduced by welding can affect the structural integrity of safety-critical components [1, 2] .
Although a weld-buttered component undergoes PWHT to reduce residual stresses, subsequent thermal cycles associated with a closure weld will contribute to an increase in residual stresses at the interface between the forging steel and the weld buttering layer [3e6] . In the oil and gas industry, these components are also clad on internal surfaces in order to protect the underlying steel from corrosive environments [7e9] . While PWHT takes place after the cladding operation, the presence of dissimilar materials can contribute to the generation of residual stresses if further thermal cycles are applied, particularly near to the interfaces between these materials [10e12] .
In recent years, there has been interest in increasing the allowable operating pressures and temperatures for subsea systems. Under such circumstances, materials would be utilised closer to their operating limits, and it becomes increasingly important to quantify the levels of residual stress in critical locations such as dissimilar metal welds. However, the combination of complex geometries, dissimilar materials, and relatively thick components tends to restrict our ability to measure residual stresses on components that are in service. For these reasons, increased reliance is placed on numerical models as a means of predicting residual stresses. However, such models need to be validated by comparing numerical predictions with the residual stresses that are measured on well-characterised benchmark specimens [13, 14] .
This experimental study aims to provide insights to the generation of residual stresses in a complex dissimilar metal weld, i.e. one in which a large F22 forged component is clad and weldbuttered in preparation for welding to a pipe. To this end, welding protocols were developed for buttering low-alloy steel (LAS) onto F22 parent material, and for internal cladding with Inconel 625 alloy.
Dissimilar metal welds of this type are normally executed on pipes in the form of girth welds. However, in this study it was not feasible to apply the relevant combination of welding processes, within a controlled laboratory environment, to girth welds that had a diameter and wall thickness that were representative of components that are used in subsea installations. Furthermore, the authors aspired to employ the contour method [15] to measure residual stresses in this work. When planning the work the authors formed the view that, while the contour method has recently been applied with success to girth welds [16e18], the additional complexities associated with substantially dissimilar material properties, and the particular manufacturing sequence, would have added significantly to the challenges and uncertainties associated with the measurements. Thus, a flat plate geometry was chosen, noting that the contour method has long been established for specimens with this configuration. Moreover, the design of the specimens was chosen specifically so that residual stresses could be measured using the contour method, which has been recently used for the measurement of residual stress in welded components in ultrathick ferritic steel [19] .
It is clearly important to note that the development of residual stresses in plate specimens will not match the development of stresses in a tubular component, as the nature of the restraint during welding will differ significantly. However, the ultimate goal with this work was to design weld mock-ups that could serve as (benchmark) validation cases for the application of finite-element models. Such models could subsequently be used to predict residual stresses in full-scale dissimilar metal welds in deep water subsea installations, which would normally be too expensive to subject to destructive residual stress measurements. In the hope of maximising the utility of this work, the authors endeavoured to be as faithful as possible to industrial practice when the specimens were manufactured.
The specific combination of materials that has been employed in this work, and the manufacturing sequence, do not appear to have been investigated in the literature. Furthermore, there is a paucity of studies that have employed contour method measurements to dissimilar materials. However, the manufacturing sequence applied in this work mirrors that which is employed for a standard 6 00 subsea valve and, at each stage in the manufacturing sequence, a sample was extracted and characterised ( Fig. 1) . The contour method was employed to map longitudinal residual stresses on a plane that was orientated transversely to the welding direction and, for the two stages in the manufacturing sequence that are described in this article, the results were supplemented by incremental hole drilling measurements, which also provide values for the transverse residual stresses.
Experimental methodology

Manufacture of test pieces
Two nominally identical specimens were manufactured with the geometry and dimensions as shown in Fig. 2 . Plates were machined from F22 forging steel to a thickness of 30 mm to provide material that would be representative of a forged component. The F22 steel plates were machined so that they included a weld bevel angle of 30 , and then subsequently placed on a 20 mm thick backing plate, which was machined from S275 steel. A buttering layer was deposited onto the machined bevel on the F22 steel plate, as well as on to the backing plate, using a low alloy steel (LAS) filler metal, OP-121-TT flux, and the submerged arc welding (SAW) process. The nominal chemical compositions for the base material, filler material, backing plate and welding flux are given in Table 1 , and the material properties are summarised in Table 2 . The deposition sequence is illustrated schematically in Fig. 3 .
In the case of a real engineering component, the F22 steel would likely be in the form of a nozzle (i.e. a solid body of revolution), and the backing plate might take the form of a ring that would be used to support the buttering layer during deposition. After the buttering process was completed, the backing plate was machined off to provide a pocket for the deposition of an inconel 625 weld overlay. This overlay is intended to simulate the internal cladding of nozzles and pipes for the purpose of imparting corrosion resistance. Gastungsten arc welding (GTAW) was used to apply two layers of metal to the back face of the sample. The deposition sequence is illustrated schematically in Fig. 4 . After the buttering and cladding operations were completed, one of the samples was sent for PWHT while the other was retained in the as-welded condition. The PWHT procedure involved the specimens being held in air at 630 C for 7 h 15 min, followed by air cooling. The welding parameters for the buttering (SAW) and cladding (GTAW) are listed in Table 3 .
It is worth mentioning that in the case of components such as nozzles and pipes, the relative stiffness of these components is greater than that for plates, i.e. the geometry of these components would assist in reducing the effects of weld distortion. Plates, however, will distort significantly if a large number of weld passes is deposited onto one side of the specimen. Significant levels of distortion would also influence the development of residual stresses in the component, as well as the subsequent measurement of residual stresses. As can be seen in Fig. 2 , strong backs were attached by welding to the back surface of the weld mock-ups. These strong backs served to provide increased stiffness and to reduce the extent of distortion during welding. The specimens were also fitted with webs for the same purpose. These webs were welded to both the strong backs and the back surface of the weld mock-up. However, the webs could not traverse the entire length of the specimen in the welding direction as this would have presented significant difficulties for the cutting stage when applying the contour method for residual stress measurements.
Contour method
The contour method is a three-step process in which the component is firstly cut to relieve the stresses acting normal to the cut surface. In the second step, the distortions generated on the cut surface (owing to the relaxation of stress) are measured to provide the input boundary conditions for a finite element (FE) model. The third step could comprise an elastic finite element analysis, in which the deformed surface is forced (in a virtual sense) to be flat, and the stresses required to do so are calculated. These calculated stresses are then taken to be the negative of the residual stress distribution that was acting in a direction normal to the cut surface, prior to the cut being made [20] .
Whilst current best practice for performing this third step remains an FE analysis, completely analytical approaches have been validated for an aluminium alloy 2024-T351 specimen that was welded using variable polarity plasma arc welding [21] . Validation of these analytical approaches was carried out via a conventional contour method (FE based) analysis and via neutron diffraction [22] . However, analytical techniques were not employed in this work due to the flexibility offered by an FE-based approach, giving particular consideration to the differences in the elastic properties of the materials that were employed.
The contour method analysis commenced with a cutting step carried out by electric discharge machining (EDM) in order to minimise the introduction of stresses to the part during cutting.
The use of self-restraint, through the drilling of pilot holes close to the edges of the surface to be cut, on the cutting plane, prior to cutting, is recommended [15, 17, 20] in order to change the geometry of the cut from that of an edge crack to a centre crack, thus reducing the likelihood of plasticity. These pilot holes were produced by an EDM operation at the positions shown in Fig. 5 . In terms of the location of pilot holes, the most common practice is to choose locations near to the edges of the specimen and/or cutting plane, since this maximises the extent of the contour cut and, for many specimen geometries, it also places the pilot holes away from regions sustaining high levels of stress. In the case of this work, however, the number of weld passes was extremely large and the levels of internal stress were also large across the entire specimen width. In a trial measurement on the specimen geometry that was used in this work, pilot holes were initially placed at a distance of 10 mm from either edge of the specimen. However, it was found that this choice led to excessive deformation in the remaining ligaments of material during the EDM cutting operation and consequently, to excessive movement of the cut surface as cutting proceeded.
Excessive deformation during cutting would lead to one of the underpinning assumptions for the contour method being violated, i.e. that the surface of the cut was perfectly planar prior to the cutting step. Accordingly, the location of one pilot hole was moved so that it was further from the specimen edge, as shown in Fig. 5 . Although the new location for the pilot hole coincided with both the buttering layer and the cladding overlay, it was still a significant distance from the interface between the F22 steel and the buttering layer, which is a location of primary interest from a structural integrity standpoint. It was assumed that the specimen could be cut in a piecewise manner, as shown in Fig. 5 , and that the resulting contours could be stitched together to reconstruct the original residual stress distribution.
The contour cut was performed between the pilot holes, with the ligaments on either side of the holes taking up the stresses that were relieved on the cutting plane during the cutting operation. Errors introduced during cutting depend largely on how the sample is clamped in the EDM machine; hence clamping is a primary consideration for producing a good contour cut and obtaining data of high quality. External restraint was applied through using a combination of normal and G-clamps, as shown in Fig. 6a , to restrain the plate at its four corners. Various studies [15, 17] have shown that applying constraint close to the cutting plane is an effective means of reducing, or eliminating, plasticity during cutting. In this work, restraint was applied using a customised rig, which is shown in Fig. 6b .
The set-up included bolts with ball-jointed ends to apply restraint close to the cutting line, particularly for mock-ups with an uneven surface. The rig consisted of 4 bars, which were located above and below the plate on either side of the cutting line, from which flat-headed screws spaced at 10 mm protruded to make contact with the surface of the specimen over an area with a diameter of 8 mm. It should be noted that the specimens in this study had a complicated geometry in comparison with samples typically used in contour method measurements. Plasticity is probably the most significant source of error during the cut; it occurs when the stress at the cutting tip is larger than the yield stress of the material. The cut surface that was achieved in the AW Fig. 3 . Deposition sequence for buttering process, which was carried out by submerged arc welding. sample is shown in Fig. 6c . Following the cutting process, the deformations on the cut surface resulting from the relaxation of stresses were measured using a coordinate measurement machine (CMM). Points were measured with the spacing varying from 0.5 mm in the vicinity of a polyline describing the boundaries between the different alloys (e.g. either between the buttering layer and the F22 steel, or between the cladding overlay and F22 steel/buttering layer) to 1 mm further away from these areas. These spacings were chosen as a compromise between the time taken to measure one surface, and having as dense a measurement point cloud as possible. Surface alignment, averaging and spline fitting were performed using Matlab ® . The raw measured surfaces for the AW sample are shown in Fig. 7 . In addition to points on the top surface, the outline of each part was also measured as a closed contour, as can be seen in Fig. 8 . There are two principal sources of error in surface measurements, which lead to uncertainties in stress determination; these are displacement errors such as high frequency noise from the surface roughness, and measurement errors, which depend on the measurement spacing. Since the surface roughness is determined by the peculiarities of the part to be cut, the chosen measurement spacing should depend on a realistic assessment of the resolution that one can expect to achieve.
The surfaces must be fitted to mitigate the effects of noise in the data. Standard practice is to fit a bi-variate spline function, with a "spline" comprising a number of different polynomial functions which together describe a more complex curve, with each polynomial describing a small portion of the curve very accurately between locations, known as knots, where the polynomials join. Thus, with a small number of parameters, the polynomial coefficients and the knot locations, the surface can be fitted in a least-squares minimisation process. Since it is desirable in the fitting process to "smooth out" noise, it is difficult to estimate the goodness of the spline fit. The least-squares fit result will continue to improve as the spline incorporates more data points, even if the new data points are noisy. Overfitting will result in noisy values being incorporated into the surface and underfitting will smooth out valuable information. How much smoothing occurs is determined by the knot spacing of the splines e i.e. the distance over which one polynomial must fit the surface. Given a minimum measurement spacing of 0.5 mm as was used here, the smallest feasible knot spacing would cover the distance spanned by 3 data points: 1 mm. It is somewhat harder to judge the maximum feasible knot spacing; here we considered the features that defined the samples -the weld beads in the buttering and cladding layers. The buttering beads were approximately 9 mm wide with 4e5 mm overlap, while the cladding beads were approximately 6 mm wide with 1e2 mm overlap. We assumed that the surface deformation would vary continuously within one bead (excluding contributions from noise) and therefore that the maximum range for one spline should be one weld bead width or~5 mm. This determined our potential range of knot spacings to be between 1 and 5 mm. It is hard to judge how the choice of knot spacing will impact on the estimated stresses without calculating the stresses for a variety of knot spacings and visually inspecting the results. In the case of the AW sample, the stresses were calculated for splines with knot spacings of 1, 2, 3, 4, 5, 6 and 7 mm. The statistics for these surface fits, in terms of root-mean-square error between the measured and fitted surfaces, are shown in Fig. 9 . The corresponding stress profiles are shown in Fig. 10 . A knot spacing of 4 mm was chosen for the final analysis, as this gave at least one spline per weld bead in the cladding layer, and it led to a minimum of noise in the final estimates for stress.
The finite element analyses were performed using ABAQUS with tetrahedral quadratic C3D10 elements; a typical mesh is shown in Fig. 11 . Displacement boundary conditions were applied to the cut surface. In each case, the fitted surface was evaluated at the node locations of the finite element mesh and the displacements were applied as boundary conditions, together with three additional constraints to prevent rigid body motion. These additional constraints were imposed at single nodes on the edges of the pilot holes. The output of the FE analysis was the estimates for stress at the integration points on the cut surface. Due to the high degree of deformation seen in the as welded (AW) samples, a second analysis was also performed in which a yield stress was specified and, as deformation progressed and the stress in the sample reached the yield stress, the sample was allowed to deform plastically. It is recognised, however, that this approach contravenes the principle of elastic superposition on which the contour method is founded, and this second analysis was carried out solely to assist in identifying locations that were likely to be subject to errors associated with cutting-induced plasticity. Material properties were assigned using image correlation between the mesh and the macrograph presented in Fig. 12 , which shows the fusion boundaries for the buttering layer and cladding overlay.
Incremental hole-drilling method
Residual stresses were measured using the incremental holedrilling method as shown in Fig. 13 . As incremental hole drilling is a standardised technique [23] , this method was used in order to check for consistency with the residual stresses measured by the contour method. Incremental hole-drilling was implemented on both the AW and PWHT samples at nine and six locations, respectively. This semi-destructive technique measured the strain relaxation associated with the incremental drilling of a small hole, in this case with a diameter of 4 mm and depth of 2 mm. The strains were evaluated using a strain gauge rosette after each depth increment (fourteen increments for each hole) and the residual stresses were then calculated by employing equations which are summarised ASTM: E837 [23] .
Hardness testing
Hardness testing was carried out to verify the effectiveness of the PWHT operation, which in practice is supposed to reduce the material hardness to values below a threshold (i.e. 250 HV for steels [24] ). Both the AW and PWHT samples were sectioned by EDM to produce specimens suitable for hardness measurements. The hardness measurements were made on a Struers Durascan 80 Automatic Hardness Testing Machine using a Vickers indenter with a 0.5 kg load, with a dwell period of 15 s. Measurements were made at 800 points in total, which were arranged along lines traversing the buttering-F22 interface, and along lines traversing the interface with the cladding overlay, over an area measuring 40 mm by 30 mm, with a maximum spacing between points of 1 mm.
Results and discussion
The residual stresses measured by the contour method are shown in Fig. 14 for the AW sample. The stresses are well resolved in an important area of interest (i.e. at the interface between the buttering layer, the F22 steel and the cladding overlay). The stresses in the buttering layer are tensile over a large region (due to the thermal contraction of a large number of weld beads), and in places they approach the level of the yield stress for the buttering material (~540 MPa). The bulk of the parent material is in compression, which acts to balance stress overall, although at the boundary with the buttering layer, and throughout the HAZ, the stresses are tensile and approach the yield stress in magnitude (~600 MPa). The cladding operation took place after buttering and, although the tensile stresses across large regions of the buttering layer are in the range between 150 and 400 MPa, they are higher at the interface between the buttering layer and the cladding overlay. Indeed, a region of high tensile stress (450e600 MPa) exists along the boundary between the cladding overlay and the associated HAZ in the buttering and parent materials.
It is likely that the magnitude of the tensile stresses in the buttering layer as a whole were reduced to some extent by the deposition of the cladding overlay, since the thermal contraction that would have taken place in the cladding layer and adjacent HAZ will have acted to compress the adjacent materials (i.e. the F22 steel substrate and the buttering layer) in order to maintain compatibility in strain. The cladding overlay also appears to be sustaining low levels of tensile stress, with stresses decaying to zero near the surface of the overlay. It should be borne in mind that the cladding overlay was deposited in two layers and, using the same argument again, it is possible that the thermal contraction that took place in the second layer of cladding acted to reduce the tensile nature of stresses that would have been present in the first layer to be deposited. Unfortunately, it is not immediately obvious as to why the peak tensile stresses might arise in the vicinity of the HAZ associated with the deposition of the cladding overlay. The thermal expansion coefficients for ferritic steel and Inconel 625 are similar, and solid-state phase transformations would normally lead to a reduction in the tensile nature of residual stresses [25] . However, the presence of peak tensile stresses immediately under an overlay have also been reported by other researchers, for cases involving the deposition of austenitic stainless steels on to ferritic steels [26, 27] . It can be seen that, in the vicinity of the pilot hole that passes through the buttering layer, grey areas appear in the coloured contour maps. These regions correspond to estimated stresses that are well in excess of the yield stress and, as such, they were deemed to be unrealistic and most likely artefacts resulting from localised plasticity during cutting. Such grey areas tended to arise at the entry and exit points for contour cuts, where cutting induced plasticity errors are most likely to occur [28e30] . An examination of the residual stresses in the buttering layer, and away from the interface with the cladding overlay in particular, reveals that the tensile nature of the residual stresses was generally similar on Fig. 12 . Macrograph of the cut surface, aligned with the measured part outline, showing chosen material boundaries (the cladding overlay/F22 steel boundary is visible, whereas the boundary between the F22 steel/buttering layer is highlighted using a black line, while the boundary between the buttering layer and the backing plate is highlighted by a red line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) either side of the pilot hole. In the vicinity of the cladding layer, however, there is a sudden reversal in the sign of the residual stresses moving from one side of the pilot hole to the other. Such an abrupt change in the sign of the residual stresses is difficult to rationalise based on an understanding of the welding process and resulting material behaviour. For this reason, the authors are of the view that the highly compressive stresses in the small portion of the cladding overlay that appears to the left of the pilot hole in Fig. 14 are also an artefact arising from cutting induced plasticity errors. Nevertheless, the vast majority of the residual stress map presented in Fig. 14 appears to be plausible.
In the PWHT sample (Fig. 15 ) the stresses were greatly reduced throughout, with the bulk of the buttering layer sustaining low levels of tension and the bulk of the parent material sustaining low levels of compression, with maximum magnitudes being in the order of 150 MPa in both cases. The cladding was also subject to low levels of tension, with maximum stresses having a similar magnitude. The PWHT operation can therefore be seen to have been effective, given that the peak stresses that were seen in the AW specimen (~600 MPa) have been reduced to a value closer to 150 MPa.
Line plots of residual stress were extracted for the samples in both the AW and PWHT conditions, and the locations at which they were extracted are shown in Fig. 16a and Fig. 16b . The line plots corresponding to each of the three locations are shown in Figs. 16c, d and e. For those regions that sustained highly tensile stresses in the AW sample, typical reductions in stress were in the order of 300 MPa. After PWHT, the peak tensile stresses were less than The locations at which the incremental hole drilling technique was applied are shown in Fig. 17 . There were nine measurement locations in the AW sample and six in the PWHT sample. Locations #1 and #2 were on the top surface of the AW sample and on either side of the pilot hole. Locations #6 and #7 were also adjacent to the pilot hole in the AW sample but on the bottom surface, where the dominant influence on residual stresses will have been the cladding overlay. Locations #3 and #8 in the AW sample, as well as Locations #2 and #5 in the PWHT sample, were close to an area of interest which was in the immediate vicinity of the boundary between the F22 steel, the buttering layer and the cladding overlay. Location #9 in the AW sample and Location #6 in the PWHT sample were selected to evaluate the residual stresses in the cladding overlay but in a region not influenced by the buttering layer. Finally, Locations #3 -#5 were chosen to evaluate the residual stresses in the base material (F22 steel) in the PWHT and AW samples, respectively.
The hole drilling results are shown in Fig. 18 and Fig. 19 for the AW and PWHT samples, respectively. The vertical red dotted lines each comprise fourteen points, which correspond to residual stress measurements at fourteen different depths within an individual hole. The incremental hole drilling data span a range in depth from 0 to 2 mm, while the data extracted from the contour method measurements, which are represented by the blue lines in Figs. 18 and 19, correspond to residual stresses measured at a depth of 1 mm.
An examination of the data in Figs. 18 and 19 reveals that there is disagreement between the measurement techniques in the vicinity of the pilot hole, especially on the bottom surface of the specimens (e.g. at locations #6 and #7 in Fig. 18 ), which corresponds to the location of the cladding overlay. However, the agreement is somewhat better in the vicinity of the same pilot hole on the top surface (i.e. at locations #1, #2 and #3), with both measurement techniques indicating that the residual stresses are tensile.
Furthermore, very good agreement is generally observed at other locations, including at #4, #5, #8 and #9 in the AW sample, and at locations #2, #3 and #6 in the PWHT sample. The fact that good agreement is achieved at locations away from the pilot hole is reassuring, and it would suggest that the main features of the residual stress distributions, as obtained with the contour method measurements, are likely to be sound. The location where disagreement is most noticeable corresponds to the cladding overlay in the vicinity of the pilot hole. The contour method measurements suggest that the stresses in the cladding overlay generally remain similar at locations away from the pilot hole, but that they change dramatically in the vicinity of the pilot hole, becoming highly compressive. In contrast, the incremental hole drilling results suggest a less dramatic change, with the stresses becoming moderately tensile. The authors are of the view that there is no physical basis for explaining a dramatic spike in compressive stress in the vicinity of the pilot hole and, on this basis, we believe that the compressive stresses that appear in this location in the contour method measurements are artefacts resulting from plasticity errors.
The contour method is only able to measure the residual stresses that act in a direction that is normal to the plane of the cut. In this work, the contour method was used to evaluate the longitudinal stresses in the weld mock-ups, and the results were compared to the stresses that were obtained with incremental hole drilling, as has been discussed above. However, the incremental hole drilling technique provides information on the stresses that act within near-surface planes that are normal to the drilling axis. As such, the incremental hole drilling technique could also provide an indication of the transverse residual stresses.
The transverse residual stresses that were measured are shown in Fig. 20 and Fig. 21 for the AW and PWHT specimens, respectively. A comparison between these two figures clearly reveals the extent to which the transverse residual stresses were relieved by the PWHT operation. A direct comparison is also provided in Fig. 22 for a specific location (i.e. Location #4 in the AW sample, which is equivalent to Location #3 in the PWHT sample), which reveals a drop in stress of~180 MPa owing to PWHT.
The results in Fig. 23 confirm a dramatic reduction in hardness after PWHT. In the AW sample, the maximum hardness occurred in the HAZ within the F22 steel, being in the region of 400 HV, while in the majority of the specimen the hardness was~250 HV. After PWHT the maximum hardness was~290 HV at a small number of locations within the HAZ of the F22 steel, with the majority of the HAZ being at or below 250 HV. The hardness in the cladding overlay was 250 HV or lower, and the hardness in the majority of the buttering layer and the parent material was~200 HV. This shows that PWHT has been effective in reducing the hardness to below 250 HV [24] , with the exception of a few locations within the HAZ in the F22 steel. A comparison between the hardness maps that were obtained from each specimen and the corresponding residual stresses (as measured by the contour method) is shown in Fig. 24 , for the region containing the interfaces between the F22 steel, the buttering layer and the cladding overlay. In the as-welded condition, it can be seen that there is a region subject to peak tensile stresses at the point where all three materials meet, and that this region is also subject to a high hardness. However, the peak in tensile stresses is effectively reduced by the PWHT operation, and the hardness is also much lower after PWHT, so any concerns from a structural integrity standpoint should be largely ameliorated by the PWHT operation. Nevertheless, it should be borne in mind that if for any reason PWHT were to be ineffective, then the region in the vicinity of where the F22 steel, the buttering layer and the cladding overlay all meet will potentially be subject to accelerated degradation in service or premature failure.
Conclusions
The evolution of welding residual stresses during the buttering, cladding and PWHT processes in dissimilar metal welding was investigated in this study. Weld mock-ups were designed in such a way that enabled the manufacturing steps associated with a dissimilar metal weld to be replicated, albeit with a flat plate configuration as opposed to a pipe. This enabled the contour method to be applied for the purpose of generating two-dimensional residual stress maps across the dissimilar metal weld, producing results that seem plausible and which are generally compatible with those that were obtained close to the surface of the specimens with the incremental hole drilling technique. This work has produced a breadth of residual stress measurements that can be used to validate a computational framework for predicting residual stresses in dissimilar metal welds having different geometries (e.g. nozzle to pipe welds). The present work has generated the following conclusions:
1) The buttering process leads to the generation of tensile residual stresses throughout the buttering layer and the associated HAZ, which falls within the parent plate. While it is likely that subsequent cladding operations lead to a reduction in the magnitude of these tensile residual stresses, residual stresses in the range between 150 and 400 MPa were found to persist in the buttering layer after the cladding operation was completed.
2) The cladding process leads to the generation of a region of high tensile stresses immediately adjacent to the cladding overlay, in Fig. 23 . HV 0.5 hardness maps for (a) the AW sample, (b) the PWHT sample using the same scale as for the AW sample and (c) the PWHT sample using a higher resolution (black crosses represent measurement locations). Fig. 24 . A comparison between the hardness maps and the residual stress distributions as measured by the contour method. The peak in tensile stress that occurs at the interface between the F22 steel, the buttering layer and the cladding overlay is effectively relieved by PWHT, but the same region is still subject to moderately elevated hardness after PWHT.
the HAZ for the overlay. These stresses are in the order of the yield stress for the substrate material. 3) Very high tensile stresses were generated in the vicinity of the interface between the parent material, the buttering layer and the cladding overlay. This location also coincides with microstructures that have a high hardness in the as-welded condition. 4) PWHT is effective at reducing the tensile longitudinal and transverse residual stresses across the component, notwithstanding the presence of dissimilar materials across the joint. The hardness is also reduced significantly by PWHT, although in some regions within the HAZ the hardness was approaching 300 HV even after PWHT. This could raise concerns with respect to ensuring that structural integrity is maintained on real components with dissimilar metal welds of this type. 5) Further research is needed to establish best practice for the use of pilot holes in contour method measurements. In this work, a non-standard location was used in order to avoid excessive distortion of the test piece during cutting for the contour method measurements. However, the authors believe that the residual stress community would benefit from further guidance on the principles that might determine the optimum locations for pilot holes.
